2 Second, it offers direct experimental access to superconducting phenomena occurring on the micron scale. For instance, a patterning technique that is capable of structuring poly crystalline films with a resolution on the order of the crystal size will anow direct measurements of the superconducting properties of crystals for any crystal orientation. Furthermore, such a technique provides access to study the effects of a single grain boundary separating single crystals. A variety of patterning techniques such as lift-off processes, chemical etching, ion milling, ion implantation, and laser ablation has been used to pattern high Tc films.
High-resolution patterning of high Tc films is required for two reasons. First, such a technique is of crucial importance for the fabrication of high Tc devices such as superconducting quantum interference devices (SQUID's) I and transmission lines.
2 Second, it offers direct experimental access to superconducting phenomena occurring on the micron scale. For instance, a patterning technique that is capable of structuring poly crystalline films with a resolution on the order of the crystal size will anow direct measurements of the superconducting properties of crystals for any crystal orientation. Furthermore, such a technique provides access to study the effects of a single grain boundary separating single crystals. A variety of patterning techniques such as lift-off processes, chemical etching, ion milling, ion implantation, and laser ablation has been used to pattern high Tc films.
3 ---6 Recent work 5 • 6 indicates that laser ablation is an excellent technique for patterning high Tc films and that it has a number of advantages over other techniques. It is a dean, dry process that requires no organic solvents. In addition, it is quick, extremely flexible, and now offers the best spatial resolution without degradation in Tc. Previous work on laser patterning of high r:, material has been done by using contact masks for pattern definition. In this letter we describe an optical patterning system that projects a demagnified image of an aperture onto the sample, This system allows us to increase the spatial resolution oflaser ablation of high Tc films by more than an order of magnitude and to customize structures of high Tc films of micron size for the first time.
The films used in this work were deposited at room temperature by dc-magnetron sputtering of two alloy targets (BaCu and Yeu) on LiNb0 1 (Ref. 7) substrates mounted on a rotating substrate holder. The sputtering was done in an AT/O] atmosphere of 10 microns with an oxygen partial pressure of 0.2 microns with oxygen sprayed directly onto the film. To passivate the films against reaction with moisture, an in situ anneal at 400°C was performed in 200 mbar of Oz. After removal from the chamber, a second anneal at 900 °C formed the high 1~ phase. This sputtering technique, described in more detail elsewhere," yields reproducible films with aTe (R = 0) of 88 K and higher.
To define the patterns, an excimer laser microfabrication apparatus has been used. This apparatus is shown schematicaHy in Fig. 1 . A pulsed excimer laser with a wavelength of 193 nm and It pulse duration of 17 ns illuminates an adjustable rectangular aperture, This aperture is projected with a reduction factor of 32 onto the sample. The sample is mounted onto a stage that can be moved by computer-controlled stepper motors. Typically, ten pulses of UV light with a ftuence of approximately 2 J/cm 2 per pulse at a repetition rate of 5 Hz were used to ablate high Tc films I /-lm thick in a region defined by the aperture image. The dimensions of the aperture image could be changed from 2 to 100 pm. Removal of the high 1:' material was monitored on video. More complicated patterns such as lines or SQUID's have been ablated by stepping the sample typically 1-5 pm at a time. Resistance of ablated regions on control patterns typically exceeded 10 Mil/D.
During laser patterning, ablated material is redeposited onto the nearby film. If desired, this material can be removed hy covering the film with photoresist (e.g., Shipley AZ 1350 B) prior to laser ablation. Any redeposited material can be removed by dissolving the resist in ethanoL No adverse efrect of this procedure on the superconducting properties of our films has been observed. However, it should be noted that this procedure is not required in general and has been performed up to now only to improve the quality of scanning electron microscope (SEM) pictures. Figure 2 shows a SEM micrograph of a cross section through a 4.S-pm-wide and 2-mm-long line that was pat- terned into a U-pm-thick Y-Ba-Cu-O film on a LiNbO, substrate. The cross section has been cut at an arbitrarily chosen position. An asymmetry in the profile between the left and the right sides of the line is observed. This is attributed to a spatial inhomogeneity of the power density in the laser beam. For this particular film, a melted region apparently 0.3 /-lm thick is observed on the right side. Figure 3 shows a top view of another line patterned into the same film discussed above. On the left and right sides, two contact pads can be seen which are connected by a bridge that is defined by two laser ablated lines. These lines have been ablated with approximately twice the power density that has been used to ablate the lines shown in Fig. 2 . Therefore, a more pronounced melting effect can be observed at the edges of the bridge. The size of these melted regions is estimated to be 0.5 pm; hence the width of the intact high Tc material is about 1 pm. The resistance versus temperature of this line is shown in Fig. 4(a) . No differences between this curve and the R (T) of the unpatterned film [ Fig. 4 (b) ] could be found, indicating thatthere is no degradation in Tc due to laser ablation. The absence of any reduction in Tc is consistent with the fact that the coherence length ofY-Ba-Cu-O ("",2 nm)8,9 is small compared to the width of the line. The critical current density of this line was measured to be 5 X 10 4 A/cm 2 at 4.2 K and 2500 A/cm 2 at 77 K. These current densities are about an order of magntiude larger than the critical current densities of a 50-limwide and 350-Ji-m-long line patterned into the same film. This is attributed to the fact that, because the narrow line is neariy the size of single crystals, fewer grain boundaries, which may reduce the critical current density, are present A comparison of the crystal size with the iil1ewidth of Fig. 3 indicates that laser patterning should make it possible to examine the behavior of high Tc lines consisting of a small number of single crystals and grain boundaries. This suggests the study of the superconducting properties including the anisotropy of single crystals in high T" films, The study of grain boundaries in such films is particularly important for the fabrication of tunnel junctions that use grain bondaries as a tunnel barrier. Grain boundary tunnel junctions might circumvent the problems associated with the fabrication of all high Tc tunnel junctions such as the required hightemperature anneal of the top electrode. With such tunnel junctions, one can explore the mechanism giving rise to high-temperature superconductivity. Furthennore, we note that laser patterning can be applied to investigate local inhomogeneities in multi phased high Tc films.
The ultimate line width that can be achieved by laser ablation might be limited by the amount ofthe melted material bordering the ablated zones. 6 In this work no systematic study has been made to minimize the amount of melting. However, judging from SEM micrographs of line cross sections, we believe the ultimate resolution of this laser ablation technique to be a few tenths of a micron. This resolution may be achieved by optimizing the laser system parameters (lower fiuenees), with the use of thinner films and minimization of ablation into the substrates.
In summary, we have demonstrated a laser ablation technique for patterning high Tc films which uses a projected aperture for pattern definition instead of contact masks used in previous work. This enabled us to increase the spatial resolution ofIaser ablation of high Tc films by more than an order of magnitude and to fabricate for the first time a nominally i-pm-wide line. No degradation of the high Tc films due to the laser ablation has been found.
